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SECTION  I 
INTRODUCTION 

In  order  to  control  high  cycle  fatigue  in  vibrating 
structures  at  elevated  temperatures,  .itreous  enamel  coatings  have 
been  suggested  and  used  [1,2,3].  The  coatings  dissipate  vibratory 
energy  due  to  their  characteristic  high  mechanical  loss  in  the 
viscoelastic  range.  The  dissipation  of  vibratory  energy  by  such 
treatment  improves  the  performance,  reliability,  and  reduces 
maintenance  costs  of  the  structure.  At  lower  temperatures  (<400°C) , 
polymeric  coatings  are  commonly  used.  Preliminary  feasibility 
experiments  and  viscoelastic  damping  data  for  vitreous  enamel 
coatings  have  been  reported  by  Nashif  [  4  ]  and  Sridharan  [  5 ] . 

The  University  of  Dayton  has  been  engaged,  in  developing 
viscoelastic  damping  measurement  techniques  and  vitreous  enamel 
compositions  for  deunping  applications  in  aircraft  engines  for 
approximately  10  years,  under  contracts  funded  by  the  Air  Force 
Materials  Laboratory,  Wright-Patterson  Air  Force  Base.  Significant 
developments  have  been  made  in  the  measurement  and  application 
techniques.  A  better  understanding  has  developed  in  regard  to  the 
effects  of  composition  (6)  on  the  damping  properties. 

The  primary  objectives  of  the  studies  reported  here  were  to 
further  evaluate  damping  properties  of  new  compositions,  analyze 
previous  data  and  develop  a  relationship  between  the  structure 
and  the  damping  properties,  evaluate  the  constrained  layer  damping 
concept  with  the  vitreous  enamel,  and  analyze  the  difficulties 
associated  with  the  utilization  such  as  nucleation  and  crystal¬ 
lization  of  vitreous  enamels  as  a  vibration  damping  material. 

Vitreous  enamel  or  inorganic  silicate  glasses  exhibit 
damping  peaks  at  various  temperatures.  For  a  frequency  of  1  Hz 
a  peak  occurs  at  about  -30*C,  which  is  related  to  the  alkali 
ion  diffusion.  A  second  peak  at  the  same  frequency  occurs  at  about 
200°C.  The  damping  (n)  of  the  first  peak  is  approximately  0.001, 
whereas  the  deunping  of  the  second  peak  varies  from  0.001  to  0.02, 
depending  on  the  glass  composition.  For  a  single  alkali  glass,  the 


damping  intensity  (n)  of  the  second  peak  is  approximately  0.001. 

The  addition  of  a  second  alkali  causes  a  large  increase  in  the 
intensity  of  this  peak  to  as  high  as  0.02.  The  damping  peaks  are 
also  frequency  dependent.  Increasing  frequency  increases  the  peak 
temperature.  For  example,  a  decade  increase  in  frequency  shifts 
the  peak  toward  a  higher  temperature  by  approximately  15#C.  These 
two  peaks  are  the  results  of  anelastic  damping.  Readers  can  refer 
to  a  recently  published  review  paper  (7)  for  the  mechanisms  and 
the  related  information  concerning  the  two  peaks. 

A  third  peak  of  significantly  higher  damping  intensity  (Q-1=l) 
than  the  first  two  occurs  at  a  higher  temperature.  Associated  with 
this  damping  peak  is  a  large  change  in  the  complex  modulus.  A 
change  of  about  40  percent  in  the  modulus  can  be  expected.  This 
peak  is  frequently  referred  to  as  the  viscoelastic  peak.  This  is 
the  peak  of  primary  interest  in  dissipating  the  vibratory  energy  at 
elevated  temperature  and  will  be  the  main  topic  of  discussion  in 
this  report. 
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SECTION  II 


TECHNICAL  PROCEDURES 


2 . 1  EXPERIMENTAL 

2.1.1  Glass  Preparation 

All  of  the  compositions,  except  the  standard 
commercial  compositions,  were  formulated  and  synthesized  from  the 
analytical  grade  raw  materials.  Required  amounts  of  oxide  and 
carbonate  raw  materials  were  weighed  and  mixed  in  a  V-blender  for 
approximately  one  hour.  The  weighed  material  was  then  melted  in  a 
platinum  crucible  at  appropriate  melting  temperatures.  The  molten 
glass  was  quenched  by  pouring  into  a  container  of  cold  water.  The 
quenched  glass  was  then  dry  ball  milled,  using  Al203  grinding 
media,  for  24  hours.  The  milled  powder  was  then  screened  to  obtain 
various  particle  size  splits.  The  test  beams  were  coated  with 
vitreous  enamels  of  particle  sizes  passing  through  a  100-mesh  screen 
but  not  through  a  150-mesh  screen. 

2.1.2  Method  of  Coating  Application 

Prior  to  spraying,  the  metal  substrate  was  sandblasted 
using  36-mesh  silicon  carbide  grit  and  an  air  pressure  of  75  psi. 

The  powder  material  was  applied  to  the  metal  substrate  by  plasma 
spraying.  A  Meteo  3MB  plasma  spray  apparatus  was  operated  at  400  amps 
DC,  75  volts  DC  at  30,000  watts  setting  with  a  gas  flow  of  15  scfh 
H2  and  80  scfh  Ar.  A  gas  mixture  of  84.2  percent  Ar  and  15.7  percent 
H2  was  used.  The  coated  beam  was  then  fired  in  a  resistance-heated 

furnace  for  approximately  three  minutes  or  until  the  surface  appeared 
to  be  smooth. 

2.1.3  Vibration  Damping  Measurements 

An  apparatus  and  technique  was  developed  to  accurately 
and  reliably  excite,  and  measure  the  response  of  a  beam  specimen 
at  temperatures  exceeding  1,000°C. 

The  specimen  used  was  a  cantilever  beam  coated  on  one 
side  with  an  enamel  or  glass.  A  typical  specimen  is  illustrated  in 
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Figure  1.  The  specimen  was  clamped  in  the  fixture  as  illustrated  in 
Figure  2.  The  air  cylinder  insured  that  a  constant  clamping  pressure 
was  maintained  on  the  root  section  of  the  specimen  over  the  entire 
temperature  range.  This  fixture  also  allowed  for  thermal  expansion 
of  the  fixture  and  high  temperature  creep  of  the  clamping  bolts. 

The  force  gage,  mounted  in  series  with  the  clamping 
bolt  and  the  air  cylinder,  was  used  to  measure  the  response  of  the 
specimen.  The  force  gage  was  well  removed  from  the  high  temperature 
environment. 

An  electromagnetic  transducer  was  used  to  excite  the 
specimen.  This  transducer  was  specially  designed  to  operate  from 
room  temperature  to  at  least  1,000°C.  The  design  used  a  closed 
loop  cooling  system  incorporating  a  modified  room  air  conditioner. 

A  block  diagram  of  the  apparatus  and  complete  measuring  system  is 
shown  in  Figure  3,  and  Figure  4  is  a  schematic  of  the  transducer 
cooling  system. 

The  specimen  and  fixture  were  placed  in  the  furnace 
and  heated  to  the  desired  temperature,  usually  above  the  annealing 
temperature  of  the  enamel.  The  cantilever  beam  specimen  was  excited 
at  its  free  end  by  a  sinusoidally  varying  magnetic  force  induced 
by  the  electromagnetic  transducer.  A  high  Curie  temperature  cobalt 
disc  was  attached  to  the  end  of  the  beam  to  allow  for  excitation  of 
the  nonmagnetic  specimens.  The  frequency  of  oscillation  was  varied 
until  a  resonance  was  detected.  At  resonance  the  shear  force  in 
the  beam  reached  a  maximum  and  was  measured  by  the  dynamic  force 
gage.  The  force  gage  measured  the  variation  of  the  shear  force  at 
the  root  of  the  cantilever  beam  specimen. 

2.2  CALCULATION  OF  DAMPING  PROPERTIES 

The  damping  characteristics  of  the  coatings  were  determined 
by  measuring  the  vibration  response  of  a  composite  cantilever  beam 
at  varying  temperatures  over  the  viscoelastic  range.  It  is  assumed 
that  the  enamel  is  a  viscoelastic  material;  that  is,  the  modulus 
of  the  enamel  can  be  treated  as  a  complex  quantity 
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Figure  2.  High  Temperature  Damping  Test  Apparatus. 
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E£  (1  +  itand) 


H  -  ed  +  iED  • 


tand 


Ed^d 


where  E£  is  the  storage  or  Young's  Modulus  of  the  enamel  and  tand 
is  the  ratio  of  the  dissipative  modulus,  E£,  to  the  storage  modulus. 

Consider  the  metal  beam  with  an  enamel  coating  on  one  side 
as  shown  in  Figure  5. 


THICKNESS  (hD) 
DENSITY  (/>□)  ' 


I  BEAM-'* 


THICKNESS  (h, ) 
DENSITY  (/»,) 


Figure  5.  Coated  Oberst  Test  Beam 


The  formulas  developed  by  Oberst  [8  ]  and  used  by  many  other 
investigators  were  used  to  determine  the  damping  properties  of  the 
enamel  as  a  function  of  frequency  and  temperature.  These  formulas 
are: 
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(1) 


(V“ln>2(1+hDpD/hlpl) 


1  +  2(Ed/E1)  (hp/h^A  +  (Ep/E^  2  (hp/h^  4 

1  +  (Ej/E^  (hp/t^) 


and 

_  (Ep/E^  (hp/hj)  [2A+2(Ep/E1)  (hp/h^  3  +  (Ep/E^  2  (hp/h^  4  -1] 
n2  [l+CEp/E^  (hDA1)][l+2A(Ep/E1)  (hp/hj^)  +  (Ep/E^ 2  (hp/h^ 4 ]  (2) 

where : 


A  =  2  +  3  0^/1^)  +  2(hp/h1)2. 


(3) 


<»>n  =  natural  frequency  of  the  nth  mode  of  the  composite  beam, 
2Trfn,  rad/sec 

to,  ■  natural  frequency  of  the  nth  mode  of  the  metal  beam, 
2Trf^n#  rad/sec 

hp  =  thickness  of  enamel  coating  applied  to  composite  beam 
h^  *  thickness  of  metal  beam 
PD  *  density  of  enamel  coating 
a  density  of  metal  beam 

Ep  a  real  part  of  the  modulus  of  enamel  coating 
E^  a  Young's  modulus  of  metal  beam 

tan  6g  =  effective  loss  factor  of  composite  beam  (=n) 
tan  6  =  loss  factor  of  enamel  coating  (=  n2) 

The  quantities  of  hp,  h^,  Pp,  and  p^  are  known  and  are  assumed 

to  remain  constant  with  temperature.  The  parameters,  w  ,  w.  and 

n  in  f 

n  are  experimentally  measured.  The  value  of  n  is  determined  from 


n 


tan  6 

e 


Au 

n 


(4) 
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where  AfR  is  the  bandwidth  at  the  half-power  points  of  the  response 
peak  for  the  nth  mode.  The  value  of  E^can  be  determined  from  the 
measured  response  of  the  uncoated  metal  beam  using 

<  -  1-1“  \n  l4/e1Z1  (5) 


where : 

*  the  eigen  value  corresponding  to  the  nth  mode  and  is  a 
n  constant,  determined  by  the  boundary  conditions 

^1  =  pib^i  *  the  mass  per  unit  length  of  the  metal  beam 
L  =  the  length  of  the  beam 

I  =  yj  bh^  =  the  second  moment  of  area  of  the  metal  beam 
about  its  centerline. 

The  values  of  for  beam  with  classical  boundary  conditions 
are  well  known  and  can  be  found  in  reference T9l •  Thus,  from  the 
measured  resonant  frequencies  of  the  coated  and  bare  beams  and  the 
measured  composite  loss  factor,  tan  6  ,  the  damping  properties  of 
the  enamel  can  be  determined  as  a  function  of  temperature  and 
frequency. 

The  resonant  frequencies  and  modal  damping  of  five  to  six 
modes  of  the  coated  beam,  covering  a  frequency  range  of  100  Hz  to 
1,500  Hz,  can  usually  be  measured  for  each  temperature.  Thus,  the 
damping  properties  of  the  vitreous  coating  over  a  decade  of  frequency 
at  a  given  temperature  can  be  easily  and  quickly  determined. 
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SECTION  III 

RESULTS  AND  DISCUSSION 

During  the  development  of  high  temperature  vibration  damping 
enamels,  one  of  the  primary  goals  has  been  to  develop  a  better 
understanding  -of  the  effects  of  structure,  composition,  and  , 
physical  properties  on  the  damping  behavior  of  vitreous  enamels. 

In  view  of  this  goal,  several  experimental  and  theoretical  investi¬ 
gations  were  conducted.  Those  investigations  can  be  broadly  class¬ 
ified  as  follows: 

e  Damping  properties  of  new  compositions; 

•  Relationship  between  the  glass  transition  temperature 
and  the  damping  temperature; 

e  Effect  of  nucleation  and  crystallization  on  the 
viscoelastic  damping; 

e  Constrained  layer  damping  with  vitreous  enamels. 

3.1  DAMPING  PROPERTIES  OF  NEW  COMPOSITIONS 

3.1.1  Mixed  Alkali  Glasses 

As  indicated  in  Section  I,  mixed  alkali  glasses 
exhibit  a  characteristic  damping  peak  at  lower  temperatures  (100-200°C) . 
It  has  also  been  noted  that  some  commercial  glasses  containing 
mixed  alkali  exhibit  intense  and  broad  damping  peaks.  Therefore, 
it  was  hypothesized  that  there  is  a  relationship  between  the 
viscoelastic  damping  and  presence  of  mixed  alkali  in  the  composition. 

In  order  to  verify  the  hypothesis,  an  experiment  was  designed  in 
which  alkali  oxides  were  systematically  varied.  Properties  of  the 
glasses,  i.e.,  the  thermal  expansion,  damping  behavior,  and  their 
thermal  stability  in  the  damping  range  were  determined.  This 
subsection  describes  the  results  of  the  experimental  design  on  the 
mixed  alkali  glasses  and  also  recommends  the  future  course  of  the 
investigation . 

Molar  composition  of  the  glasses  and  their  properties 
are  summarized  in  Table  1.  Compositions  numbered  1  through  6  have 
been  obtained  from  the  L^O-I^O-SiC^  system.  The  coefficient  of 
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thermal  expansion  shows  a  linear  increase  as  LijO  is  replaced  by 
the  ^0,  which  is  also  graphically  shown  in  Figure  6.  The 
coefficients  of  thermal  expansion  of  Li20«3Si02  and  K2*3Si02 
glasses  are  53  x  10~7/*C  and  140  x  lo”7/°c  respectively.  There 
is  a  slight  variation  in  T^;  however,  the  dialtomeric  softening 
point  exhibits  a  general  decrease  as  the  LijO  is  replaced  by 
K20.  These  glasses  also  exhibited  varying  degrees  of  thermal 
stability.  For  example,  the  composition  1  becomes  opaque  after 
the  powdered  frit  was  applied  and  vitrified  on  the  metallic 
substrate.  Compositions  2  and  2A  became  opaque  during  the  damping 
measurements.  Compositions  3,  3A,  and  4  remained  unchanged  after 
the  damping  measurements.  General  appearance  of  the  glass  com¬ 
positions  2,  2A,  3,  3A,  and  4  after  damping  measurements  are  shown 
in  Figure  7.  Compositions  5  and  6  could  not  be  successfully 
applied  on  to  the  metallic  substrate,  possibly  because  of  the 
extreme  hygroscopic  nature  of  these  compositions. 

All  compositions  from  the  system  Li20-Na20-Si02 
(7  through  11)  exhibited  unstable  behavior  during  application  and 
damping  measurements  and  therefore  were  dropped 
experimental  investigation. 

Reduced  Temperature  Nomograms  for  compositions  2,  3,  and 
4  are  shown  in  Figures  8,  9,  and  10  respectively,  with  experimental  and 
reduced  data  given  in  Tables  2,  3,  and  4.  Composition  2  shows  a  broad 
and  relatively  high  loss  factor  as  compared  to  compositions  3  and  4.  In 
order  to  make  a  direct  comparison  of  loss  factor  of  the  three  compositions. 
Figure  11  exhibits  a  plot  of  the  loss  factor  at  100  Hz  versus  temperature. 

It  is  obvious  that  only  a  narrow  compositional  range 

of  the  mixed  alkali  series  exhibit  stable  glasses  whose  damping 
properties  could  be  satisfactorily  determined.  It  appears  that 
the  damping  properties  of  these  stable  compositions  are  superior 
than  other  multicomponent  commerical  compositions.  However, 
further  investigations  are  needed  to  substantiate  any  relationship 
between  the  presence  of  mixed  alkali  and  viscoelastic  damping. 
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Figure  7.  Appearance  of  the  Glass  Coatings  After 
Damping  Measurements.  Numbers  on  the 
Left  Indicate  Glass  Composition. 
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TEMPERATURE  T  DEG 


TABLE  3 

EXPERIMENTAL  AND  REDUCED  DATA  OF  COMPOSITION  3  (AM3) 
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TABLE  4 

EXPERIMENTAL  AND  REDUCED  DATA  OF  COMPOSITION  4  (AM4 ) 
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3.1.2  Fluoride  Glass 

This  material  was  formulated  and  synthesized  in  our 
laboratory  and  is  different  from  other  materials  in  the  sense  that 
it  develops  two  phase  structure  upon  heat  treatment.  The  beams 
were  coated  using  the  standard  plasma  spray  technique.  Damping 
data  for  the  material  before  and  after  heat  treatment  are  shown 
in  Figures  12  and  13  respectively.  Before  heat  treatment,  the 
material  exhibits  a  damping  peak  typical  of  many  vitreous  enamel 
compositions  (Figure  12)  .  After  heat  treatment,  the  peak  becomes 
broader  and  the  peak  intensity  decreases.  This  interesting 
damping  behavior  of  the  material  after  heat  treatment  believed  to 

have  resulted  from  the  two  phase  structure. 

3.1.3.  Lead  Silicate  Compositions 

Damping  properties  of  several  compositions  from  the  PbO- 
Si02~R20  system  were  evaluated.  Table  5  shows  the  compositions  of  the 
glasses  as  calculated  from  the  batch  ingredients.  The  table  also  shows 
general  characteristics  of  the  glasses.  It  is  noted  that  the  incor¬ 
poration  of  alkali  oxide  (R20)  in  mixture  rather  than  a  single  oxide 
helps  in  stabilizing  the  glass  as  evidenced  by  compositions  III,  V, 

VII,  IX,  X,  and  XI. 


Loss  factors  as  a  function  of  temperature  of  the  seven 
stable  compositions  from  Table  5  are  ■shown  in  Figures  14  through  20, 
with  experimental  and  reduced  datagiven  in  Tables  6 , 7 , 8 , 9 , 10 , 11 , and  12. 

TABLE  5 


COMPOSITIONS  (PERCENT  WEIGHT)  OF  LEAD  SILICATE  GLASSES 
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Modal  Damping  from  Fluoride  Materal 
(Number  Superimposed  on  the  Curves 
Indicate  Mode  Number) 


EXPERIMENTAL  AND  REDUCED  DATA  OF  COMPOSITION  III  (AMB3) 
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TABLE  7 

EXPERIMENTAL  AND  REDUCED  DATA  OF  COMPOSITION  V  (AMB5) 
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TABLE  8 

EXPERIMENTAL  AND  REDUCED  DATA  OF  COMPOSITION  VII  (AMB7) 
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uii:u>»/tfMC»)<rii)(aorurs»ooou>r'U0'A#i»,rr)n(j>nfl>®»>»Tr-nr-tf)cuN5k,rToi> 
i/»  f^ionjfonuvi^Ar'O^^^^muimtiMAtAiAaiOkni 

ozoo^r-o>nc»iO(\j-«r,)p>nj(T'o>-u)-«c*<joiiflr»inm(u<ufla(n-4f-»v<>j&>fon^  — u> 
—  rnr-— a^r-t^-vruT-rnomr-  r-ajoonnjo^co^aiOMUtioiACDmtA^^Tr^aj^ 

m'rojr*aiu><i>*T'es-'.fl'7>oo<.ocnnoj  — —  —  vocop-cofnuxijttfCMf’onjro— cunj— «o— <* 

u»'SNO©0'3T®ftjr'‘S*,jj^ii/»ui",«M/)oooooo®®y)«-<r-i/'^^©®ooino 

o  oa«i^-*®fuiflOT  — u>  •- cu  t\j  aj  m  cm7#  ^  •r  r-  ▼  'uu>cft«.£<\jr-<\jnjmoou>oo  Vrunjoo 
ui  t  — •c7iOJOLn-<«5’Ln«s»Lnaj'®‘X>cn©oou»^oo4/>ajcDooi/>ru^oo>X)fr*'»c»>'Drooa>r-  ♦ 
a t  wno»  airi^9^iA«*^oi^u»o>-«(\iinO)AjuiOi^Ai(AO)««aju)o»^Oi(/iO»M«‘Ou>0» 
um 


r-  ^Md(u#aotu)'ro3ooriOiv0(u<\SN<M<iKs*m9co^-«(^\Dr-coo>ooi>o«>jO)n 
Ui  •f\j-«TU)cnTC?»r-.flC'(0‘S'flOw3®'iJU)ca<ja)TG-u^fnmi/>(^roT>x»'S«'%>r-inm^ 

M'X9'9  9<S90  0  0000900^<D<^^Ol9<P<^d4)900000000®®0<9Q 

U7  u.  . . .  •  . . . . . . . 


•  <\J  ♦♦♦♦♦♦♦♦ 

o  «  UJUlUiUiUi  LUUiUiCUUiUiUilXlUiUi^UiUiUiUiUiUiUiUAUiUiUiWlUiUiUiUiWUUiUJUiUiUJ 

▼  ®r»oo>«>t/»r^©r-i/»r-<uy  <xi©©oo>ajoor-— u>u*o>f- 
cr*  co  00  *.o  o  co  00  r-  c*  <\i  r-  *\i  ▼  <r  o  uuj“>  r-  r-  ▼  ®  ™  oj  <x>  f\j  00  —  to  — •  aj  i/>  <x>  r- 


♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦ 


-•aiajnjajnjrurvi- 


«  «\|  cm  «U  <M  ai  CU  O)  m  fU  Al  ru  ru 


•—  •  y  ui<MM»<U’^,u>rM-TrM^u»cuy  u>my  u»*’urx^’u,*ajcw»^u»cun^m<xir>«ru» 

§$ 

r-ioo.nu'f  (-  c-xr-  ®oouGoo-<n(i^t  •jOvocuf'-aj— 'oocrvcncoc-  uxnoeo— tst«M 

oo— u>  —  ^oocor-ajooajcn^o^oa— uoa>  —  ooro— cooor*-  Tf^«n<c®oocooTO>r> 
0  ^ ^  22 ^  ^  ^  ^  ^  o  ®o  ve  ©  o>  c*»  to  r-  u*  ©  r*-  •  i)  ^  <3>  r-  00  <jo  ©  00  00  r*  ©  00  o*  c»> 

^NIAW  C7»  LOCO  u*  tf'Ci  —  CD  C*  —  rUl/J<*r\il/‘C»  — OJI/M7*  —  OJU>  <7»  —  AJU)  C*  —  OJCPO* 
u. 

—  —  ruu5rnro<n-T*ruju)iiP<^<&^'T"T  ^^■r-r'-r-cococo«©®©©»>jcu<\iair-r-r'-r- 

-rV  — —  — c-f^r-r-©®©©aj«\injnju>©u»<i> 

St  ^  ^  ^  ^  c*»  r-  r-  (o<ou>«---u*i/>u>inu»i/»i/»nnnrt-^«-*w»ooci)niai(\i(\J 

C^’i>'.ou>is>i/>UMS’t/'t/>u<>u»inM>«s>i/><T^y^  ^  y  y  «r  y  y 

-2 

▼  2  ju  JJ  f-  to  «i  <n  t  ru  -.  rn  ▼  <r.  u> »  4,  t  r-  aa  9  e  o*  «n  10  in  mruo  <p  ®  o  <u  <»>  u»  r>  r* 
c  >  r-  ui  U3  m  .0  r>.  i^i  1-  Ln  1^  -r  us  -r  1^1  <s.  u>  oj  r-  o  ui  —  '*1  'M  r-  m  tn  r-  -r  -r  r-  c  j  oj  nj 

a:r-^><i>r-piaan^nj9>— ••>mxoitncanmnjr~  »<«>eorti®ni'*'®«e>niu>u' >*>«»•’’«> 
inonTnjmr.inTmwmi^Tm-'^^  ^^ootnnTT  ruruiuivj  —  —  00®  o  ®® 


20292s‘>*e<9e**i,^A««oie««nooo44i't««ses«»a 
O— —  —  —  —  —  —  —  —  —  —  —  —  —  —  O  — —  —  —  —  —  —  —  —  —  — —  —  — 

♦  ♦♦♦♦♦♦  +-  +  +  +  +  +  +  +  +  +^  + 

UOOJUJUiUiUJUiUiUlUiUlUiUiUiUiUtUi  UiUiUiUilMUiUiUiUilAiUiUiUiUiUJUitJUiUiUJUiUiUi 


3tri<rf®c7*r-'ficotOc*f\iyy_  _ _  ,w„  . .  ... _ , 

—  jyignimrtjcotgjg— i/jcoy  — <ur»F-©F-oa®  is»y  r*  u»c*©ooi/>i/»vpr-cu 

••  s:  . .  . . . . . •  •  •  • 

oo  — coruc*  —  —  —  —  —  —  curur^or}— mrovooioi  — oooioiru— mnn— cnyicn— yy 


<*  — 

—cur-  F-  c*r-  c 


—  ojn^uujr-cnoi®  —  oj^y  meat*  ooet©  —  cumy  u»«Ar»co0i©  —  «vmy 

———  —  —  ————— rtioirtirti  wnioicxnv  njomro  cun  miyfnm^g 

* 


32 


DUC  1  PAUSE 


TABLE  9 

EXPERIMENTAL  AND  REDUCED  DATA  OF  COMPOSITION  VII  ( AMB8) 


M  toiUJUKU  UJ  Lj  UJUJbiUj  iAH/iUiiiimAiuiUiiAiujtAitiniii*iUiuitiiuitiiiiiUiUii^i^i|/ijfi.u.ii.n.ii.ii.t».»i.i 

m  in  co  t&  a)  vfl  c>  *r  ©  -*  q»  q»  -t «  to  ^  rn  ▼  r»  «£»  <d  ^  oo  -r  c*  ^  -r  to  rv 10  ▼  to  q*  u>  m  Ok  ^  9  to 


(/^c^rum»7*c^ir»ir>  — ooou*'*-— •— «rnrutow<7> 

V»N"  “  *  . 

or 


10  ▼  to  a.  r-  u>  m  <*1  a  r-  ©  u 


r-uiNeoi\i*«<fiO<xi(<)(i)^v  M<\jota)uiONur*«MAaB(uniTr^(AQ)TiP«Dmm(\]^9MMUi6akS 
—  — -  - -  - - - rut/n/»*or3coruajrtju>©<^Oif^<*w©© 


ooou/>r-ruc*co©^  —  u>o>oo-4i/>©©(\iroir»co**u/»o>tO'Tf _ _. _ _  _  _  . __ 

i/jf-fn^njr-r-nftjnj^rwn^fOT  —  ^itktvco^  -^o>u>o^o^Q>f>J^>^U•^f'- 

r-  t  to  to  if*  0>  r-  00  c*  -*  —  00  -<  co  r-  -•  ©0  <d  00  -*  r-  u*  to  to  o>  to  u>  isi  ▼  m  <\j  r\j  ry  <*>  -.  *4  «•  «*  ~  ««  ««  •* 


yjttr-  ^Ci(r'«'»xif\J,tu'»(y)u,)^vfliflC»ft«r-rtjCTftini/nfltor-^u,>Tnju»f-.'u^  ^<&r>u>najo 


o  ©  — 
Ui  000 
a.  «■*  ru 

U.C  I 
X 


aiiflOonjTMui-(v'«l>ai’rf-  ■r*4*ro>r-ajio©©rurutfl<\jr'>cou*»a*t/>rn©ooi/»*r"cmT(d© 
10  -•  r-  ©  w  to  *h  r-  ©  co  u>  ru  09  u»  ru  ©  00  u>  to  ©  eo  *o  m  01  ©  00 10  ©  00  <0  no  ©  ©  o  to  *r  ^  ©  o»  r*  <0  <*i 
lo  <7>  '"o  •^oju)oirn<N(uu)^(\ji/x^-4<\JU)9»«4(Vii^(^<v>^ru(ii^ojiAoiT«*i\juia,r^<\)U»A<t 


▼  -r  co  00  ©  -*  c*  <7»  r-  ▼  •$  r-  ©  r-  ©»  r-  ▼  r*  00  r-  ru  ru  o>  ru  n  «•  ©  <r  ru  ru  r-  co  -*  03  ■*  ▼  r~  cu  u>  ©<•>  •* 

ui  •nnj-^<o©r-©f\upruoor>tn-r©n^o»r-r*ajrtJfumr^r-<noor-©c7»io^fu,rir*a>a‘0«XM>'«D»/»co 
h- 0  cn  ▼  m  to  u>  u>  v/>  r- r- u>  »i>  u>  ^  *i)  ^  n  ^  f »  ^  ro  fo  u>  ru  fu  o -^  ^ -^  ^  •■  ••  ©  ©  ©  ©  ©  ©  ©  © 

k-*<XOOO©00©©<3'©©©<V©©©©©©©©<S'<S’<S'©<S>©©©©©©©©©©©©©0©©©© 

. . . . . . . . 

A 

d.u* 

£•/> 

©O 
O-J 

•**!♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦ 

£  £  o»  -r  ai  ©  r-  i/>  m  00  -•  <2  00  ©  ©  o>  01  r-  r-  to  •*  to  r-  ^  to  r>  to  oo  r-  ©  r-  m  to  oa  cn  r-  to  to  «r  vn  ©  o*  01  ru  ut 
^  ©«i)«v>mr*roo#-r  cn-^ai-r  ©cuajoo©c^fna»rn^f^^u>c»>r><?»*^'^)ajfu-^^r-4^n*jo©r-©'VT*o 

'Z  OOaaaCi)O9OOnaOtUODft999OlOK»OIOtOtaOtO»&O»0)ak»Oi9tC»AOkAa99O«OOO 

Ui  . . . . . 

9  ;«vjnTU)«p(MnTtf.iflnjnfiTi/>n^u)wnTUMunTUHO<unTwnTU-'^<M‘,>Tuu«ftin»u«® 
sis 

i/»  aj  ©  m  run  u»  ru  ©©  Ok  ©  ai  <5*  r-  co  o»  <p  i/>  01  p-  ©  ©©00  <j)  oj  ^  ^  in  nip* »  oo  mqp  01 « 00 

O  <?•  r- m © 00 c*» r-  ▼  -*r- <^f-u»tUcoui -r  o»oo«j»u>C7>oor»inruoCTr-©— *oof-vi>©^o>c»oo©®©©© 
ujfj  njw<r.i^  ru  to  cnm  oj  ui  r7ioju»<?>  aiuic  »>iw»o»T^<\iu^--nwvo»T**<n«jCTT*<^m©u> 
ill  — <  — ^  •« 

La. 

M^M^Mnj(Vjr\irunjmmr>n'r  t -rto*«totor*r-r-r“r»oooooo©©©©©ruojnjrunjr-r-r-r^r> 

•  c*  ^ r-  r-  r-  (-f»nnnn«»OM/Ltf»«n/t  ^  —  ©o©©©aj(\icururu<o«aa»«AUi 

*±  Mj'U<ururu©©©o©v>r*oc*>r-r'  r-^u^uiiftL/vLOinmnnn^^^-  ^cooQoorammrurururu 

Ui 

»“  Ui 

o 

OLor- 1-  n«Tf-  i4<0(%r,iAMjos«i  t  utat<#r>  o«0i>i©6oom©  *r 
^50-1/.  ^-Troinm— •ru»u^©rU‘peo©Tmruooruo(\j^-t^r-ruunor^Lf>©— u>a»Lm/>r-©f"0>vo<» 
anu)^u)0>0‘Wftjw^»(flf  u»r- 1/> *■  ^ ^^m<ucun 

•/JOmtTn-A^i/untu'.ou'n^f  rnnoniuaittnfunirum^  *-*««©©©©•&  ©©©©o©©©^ 

</>k  . . . . . 

C'V«  «A  M 

-i«x 

u. 

S22229SSS2^^^^^09090<*0"A9e"0d02^22SSSSSSSS 
♦  ♦♦♦♦♦♦♦♦♦♦♦♦♦<•♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦ 
LOAJUJt . .  . 

3«**C 
-J  f#  r-  r 

Scc^oo'Dair^  u>© *4  id u>r«r^  «rr>r-<?» 01  o»r  ao^dirtujaonOMn^fi-t^mncKQO^r^wo^ 
oZ^9Tr*(A«*nu|AArgAitnTM(«)9.4(ur*  i<nmAnoNo»(QiuhhttO»d«<4U^^«Aj<ynM^ 
^•A^-(\jpiJ«njrtloB^uni^ryolJnlrtin-ninjr>riftjwamu>mnnn(iVTTTtVW*!S 

««• 

•  -^rurn^r  c9CH©««<\ir>^L/t  torsos  01©  •4Aim^iA<#r-  eoot«^oim,vvi«(^aoi«<«Ai(*iTfig 

g  ^^-A^^^^^^^fyruAifvftiftiftiiMftiftinnnnnnnmrtnTTT^Tua 


•M0 


TEMPERATURE  T  DEG 


Reduced  Nomogram  for  Composi tion  TX 


TABLE  10 

EXPERIMENTAL  AND  REDUCED  DATA  OF  COMPOSITION  IX  (AMB9 ) 


«/»  X 

or 


ooo90>c*cnoo 
999999 
♦  ♦♦♦♦♦ 

1.1  I.II.IU  UJUi 

-«'ral©oai 
«r  vx>  u>  co 
r-  <rcou> 
&  ojcor-  >i>oo 


'KT)0iCAOOC,it7«Cfii?^(7*?*^(7kQt(lk0M7><>Ch^<7*^'7*9»9OOOlO)O)OtO»OIOkOkaOk9O»O»O»0kOI 
>9999099  oooooooooo  00999999990  99000000 oo 


_ _ =  -  ^  _ _  _ _ _ _ ..  .  roju)(/)OTU)r>oo-40lAj-«<f «A09n 

■»n>0',ncoi/>o<sofVJini,>u)r'n(iji/)i/>r'oor*u>y)«fi(VU»^p-^f^Ofuu)nuunTU>T«UJU»f“ 


o 

ui 

a. 

U.  M 


r-r*— >  —  ojaj«^Ajfr»<7»-«aj'vu/.  —  ▼*rr-  «-rooau>u>ru^r-‘6i/n/>r->.0i0inr*v/>'r''r  Tn<\iniAiniAi^^**«M 

ronu)®oiDr*-«o©oo-tfuOi/»— mojootqo  os>r-nji/>®®Mn®9ooooA®nj®U(U>of-®u)Ooni 

inr-  cxjoirtcoio^fxj^or-  r*r~«fio  0<4>9*$  «*ooo  in  t^cu-r  m  nr-  Vwo*  co  i/joiovoai  o  ni»T» 

o*jDi-uctja»a»«i)r^ujo<7>«jtoc-oa>nir-  o^r-rur-  —  wo»r-mooaio»r-  oo aj cnr- ▼wvo 

njinooaj  AiuirtM  njinoom  i/ioon  an/toon  rumoon  nj  i/>  co  co  r\j  oo  m  mutoom  ajt/>  €*)<*> 


.^r-njriQTa»oow>(7»‘ficoooriwv-'T-*Aj<innp»«WAieHMh-»’r«r*oo^v«flL 
u j  •ajojnTOoruro-r'i3cnaj”n/>oo^^icnoj-^u>'>,ri//r“r-co--4C-u^i/»a*r--^TOicnoo*-o 


. . . . . .  _ .  _  .  ...  .  .  ..  _  _ _ _ _ *OO(0(0l/tlAU>T^  T  ^ 

•"•X99  9  9  0  0  0  0  03 090 00090 00000000000000090 99099 999000000 

. . . . 

o 

<k  •>» 

r  ■/» 

oo 

-J 

Q«»UIU4UJUJUJUiUJUJUiUJU4UJUJUJUJUJUJUiUiUJUJUJUJUJUiUJUiUJUJUJUJUIU4UJUJUjUJUJUJUJUiUJUiUJUJUJUJUJUJ 

o  •—  r-  *t®'X)noAio^ruf-  -*  co  r-  ,rr-a>i/>~*rvjmu>~*cooovoo^ruotunj»-ifu~r-i/ir“^«i>3u>or-t/>^’r,-r> 
=  E5r<£~,'*,'~0^’r“S2Cf>0*^>c,»€M'r>c»*£  ▼  ^9^^fo«i>^*  ^si>roro,\i^r-f^^<xi(o<9«o— c-<owai*9-^v»aj 

o o  —  co ru ai ai nj c?> ro m r-  Ujp<i£90oc»ooi/><£0'J>c*'r  —  oojloujlt. ▼r-co^ —— ujnr-— <xico^o»oj 
EZo»oo»o»*->®cn®®(u*<fl9-*<unA)funu)nn(o^wininTU>M,-f-f^r*o>o><7io>-^^^flinn<untin«» 
•x  c*i  «;<»•>?  c*>  c*  co  c*  <?>  cr>  a>  a*  cn  o>  a>  oo»o>o»o»o<*<»o>o»a»o>o>c»»o»o»oc»ooa> 993 ooooooooo 

Ul  . . . . .  . . .  ,  *  1  •  .  * . 

— ^^^^^^^ftjrtKuiuwtunininiWftnu 


-*  v/» 

O  Ui 

itixo 

-  MQ( 

WDU 

wior 
m£'AO 

o  .  z 
UOI  x  •• 

JEltt 
x<xoui 

si  lit 

C>t  03- 

X  — 

ocar  a; 

UiUI  o»-»uj 
a.  H>  ZKX 
lai- 
ul£  C30 


*  >co^f  lAtoftjn Ti/HO(unTifi<AojT(/ivOiMmTir>a)ninTUiU)ivmTU)(fln]nin^oinTiou>oir)TtA(oni 

oo 

*<wU'U'OjTf-  t  'jonCT>c7>cofvi»/in-»g^rncuLr*o— (Tj^ocuc^oo-^-— — ••-cnnxir^maj— <r>D~cnj/>^uoo»<»—«o 

•  '■•JOM-ftj— ajcjK7>u>«ijai>s— 9f^n,rT<Mnnfl9PKnn'f  —  «o— (/>ro(^9— toai^inooi/>— ^oc^ooiaooiu® 

o  'jOcmjio-t  x>  c*co  a-  -*  t/*  <’ j  <*  '.o  irt  c*>  <?»  so  ru  ‘.0  9  cd  co  nj  oo  cu  cr>  ro  r-  ▼  3  ▼  c»  r-  -re^io  o 

uj  m  aii/i  cooj  Aji/iWrtj  ram  corn  cr>  oo  ru  rvi  i/>  cooj  aiu>aor>  c\ji/»ajf>  ruiroin  ruiftftci  — 

(XX  — «  -<  M  *•  -  —  «4  •* 

u. 

oo90<S'iS--^-(uojrvH\injmo>r>M*r  t  aocooooooo  o  oooaj  tMAjcuaj-r 

•  °  SC  *£  1C  «?  yj  T.  T  •*  •*  Iz  f” f -  ^  f-  <•*  ri  ri  oi  oi  ot  o  o»  io  u>  u>  uJ  u>  r-  o  o  o  o  <u  <v  nliu  w  ▼  ▼  ^  ▼  o 

9t  ronmciCinAjAjryrvioo®  0  9C*0>  c*»c»»r- r- r- r-  f-  co  r^n  «-•-»  ~*~*0>ooo9co<mAui  v>is>u>nj 

Uls? 
h-  Ui 
fit 

u>  ai  o  ^  o  u  i  m  0»  ^  r>  r  •  m  ^  «o«A  cor*  oory  m  «  r- ia  o  ^  co  r- ^  ooia  o  <ncuo»«A  «  ai  ^  «Ai#MU<a 

ror-  £  ruo>r-  nj o) to ouvx> oo  t r»  ouot  — .ojrof-coi/  '  ^cnf-maioooonj  —  ooajvoair-  <c  o*ai<7»u>a>l^o 
a  oooAjajo^rucc<c  ot^r-ai  aiu>o»  ▼  r-  moa>  coooai  o»r>u>i/>oruo>  —  o— or-  ou>r-u)^ru*>^ 

/J®  *7  °i  *^®*-nJ/T'*,,«'^cU'f'^c\imrvuc\jmr^cg#\ir>fnrvo  ^mai  «*•*-* 99 09999000 

oo 

-J  X 


0>Qt9OOC*O99  9C»O  09  99990Ct9909909999 9090999000900009990 
♦♦♦♦♦♦♦♦♦♦♦♦♦«  *♦♦♦♦♦♦♦«  ♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦ 

'  9)OiAU>ochn(dr:OOTnJr*-^^ 


ui  -i  **  m  - 


2?  2«®<^20w  ^tnocor-ruru  aimoin  <ru)ai/i-$  oouv6ts>is»9'dw>99r-rx9u»9«?'*T9r-0>Ai99r>< 
o  s  m -•  m  o  o  u>  <o  «c  aj  ry  in  <m  r- o  o  oo  oi  o  o  m  ai  cK  o  Ai «a  «« o  ^  <n  *«  o  ^  o» o  ^  o r- o or- Aior^ 

▼ wjojuajin^oruoj  —  cQ-.cn-* Oru-rc^c-iajcor-  ruo<\jAAiTinO(Dm^niMA«**TiooiO(oSa<nTC 
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EXPERIMENTAL  AND  REDUCED  DATA  OF  COMPOSITION  X  (AMB10) 
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TEMPERtfH5(teU¥  DEG. 


Reduced  Nomogram  for  Composition  XT 


EXPERIMENAL  AND  REDUCED  DATA  OF  COMPOSITION  XI  (AMB11) 
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TABLE  12  (continued) 
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3.1.4.  Low  Temperature  Glasses 

Six  low  melting  materials  were  formulated  for  damping 
measurements.  Compositions  of  these  materials  are  shown  in  Table  13. 
Reduced  nomograms  for  loss  factor  and  loss  modulus  are  shown  in 
Figure  21  through  30,  with  experimental  and  reduced  data  in  Tables 
12,13,14,15,  and  16.  As  expected,  these  compositions  exhibit  peak 
damping  in  the  range  of  600°F  to  800°F  (315°C  to  427°C)  All  these 
compositions  exhibited  slight  tendency  towards  devitrification; 
nonetheless,  composition  LT-3  appears  to  be  the  most  stable  composition. 
Contrary  to  expectation,  composition  LT-5  shows  decreased  loss  factor 
and  increased  peak  damping  temperature  as  compared  to  LT-1  and  LT-3. 

It  is  most  probable  that  there  has  been  a  greater  degree  of  devitri¬ 
fication  in  composition  LT-5. 

TABLE  13 

COMPOSITIONS  OF  LOW  TEMPERATURE  GLASSES. 


Ident.  No. 

Pbo 

PbF2 

B2°3 

2.0 

LT-1 

84.0 

— 

9.0 

7.0 

LT-2 

80.4 

3.6 

9.0 

7.0 

LT-3 

76.4 

7.2 

9.0 

7.0 

LT-4 

73.2 

10.8 

9.0 

7.0 

LT-5 

69.6 

14.4 

9.0 

7.0 

LT-6 

66.0 

18.0 

9.0 

7.0 

The 

composition  LT-2 

exhibited 

flat  loss  factor  vs 

frequency  and  temperature 

curves 

indicating 

that  the  composition 

has  completely  crystallized  during  the  measurement. 

These  low  temperature  compositions  were  designed  to 
cover  the  damping  temperature  range  of  600°F  to  800°F,  which  is 
normally  considered  to  be  the  range  of  high  temperature  polymers. 
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TEMPERATURE  T  DEG 


REDUCED  FREQUENCY  FR  HZ 

Figure  23.  Reduced  Nomogram  Displaying  Loss  Factor  for  LT- 


TEMPERATURE  T  DEG 


TABLE  15 

EXPERIMENTAL  AND  REDUCED  DATA  OP  COMPOSITION  LT- 
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EXPERIMENTAL  AND  REDUCED  DATA  OF  COMPOSITION  LT- 
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Figure  27.  Reduced  Nomogram  Displaying  Loss  Factor  for  LT- 
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Figure  29.  Nomogram  for  LT-6  with  Modulus  and  Loss  Factor 
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Figure  30.  Nomogram  for  LT-6  wiAh  Loss  Modulus  and  Modulus 
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3.2  RELATIONSHIP  BETWEEN  THE  DAMPING  TEMPERATURE  AND 
GLASS  TRANSITION  TEMPERATURE 

Figure  31  shows  a  plot  of  the  maximum  loss  factor  at  100  Hz 
versus  the  glass  transition  temperature  (Tg)  of  test  matrix  glasses 
whose  damping  properties  were  reported  earlier  (10) .  The  glass 
transition  temperatures  for  the  compositions  are  also  shown  in 
Table  19.  It  is  obvious  from  the  figure  that  there  is  a  linear 
relationship  between  the  loss  factor  peak  temperature  and  Tg. 
Regression  analysis  of  the  data  provided  a  relationship  between  the 
damping  peak  temperature,  T^  at  100  Hz  and  the  glass  transition 
temperature  as  expressed  by  equation  (6) .  The  correlation  coefficient 
for  this  relationship  is  0.96. 

T^  =  166.02  +  1.10Tg  (6) 

where:  T  and  T  are  in  °C. 

o  g 

The  relationship  is  useful  in  predicting  the  damping  peak 

temperature  if  the  glass  transition  temperature  is  known.  This 

suggests  that  the  loss  factor  peak  temperature  T^  is  determined 

by  the  viscosity  of  the  glass  just  as  T  corresponds  to  a  given 

13  = 

viscosity  (approximately  10  poise) .  Also,  increasing  T  indicates 

y 

general  stiffening  of  the  glass  structure  and,  therefore,  one  can 
expect  a  decrease  in  the  nD  peak  height.  However,  an  attempt  to 
correlate  the  nD  peak  height  with  the  glass  transition  temperature 
was  not  successful. 

An  estimate  of  the  viscosity  corresponding  to  the  nD 
peak  temperature  can  be  made  because  the  viscosity- temperature 
relationship  of  the  Corning  0010  glass  is  known.  Figure  32  shows 
the  viscosity- temperature  relationship  of  the  glass.  The  loss 
factor  peak  temperature  for  the  glass  at  100  Hz  is  650°C,  which 
corresponds  to  a  viscosity  of  10^  poise.  Similarly,  at  1000  Hz, 
the  loss  factor  peak  corresponds  to  a  viscosity  of  10®*^  poise. 

It  is,  therefore,  noted  that  the  observed  damping  occurs  when  the 
glass  temperature  is  near  the  softening  point  (viscosity  =10  ). 

Also,  the  damping  temperature  is  about  200°C  above  the  glass 
transition  temperature.  The  glass  transition  temperature  of  the 
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I/T  X  !03,(T  IN  ®C) 


Figure  32.  Log  Viscosity  Versus  1/T  for  Corning  0010  Glass 
(viscosity  in  poise) . 
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Corning  0010  glass  is  approximately  430°C.  At  the  damping 
temperature,  the  glass  can  be  characterized  as  a  viscous, 
rather  than  a  viscoelastic,  material. 

3.3  EFFECT  OF  NUCLEATION  AND  CRYSTALLIZATION  ON  THE 
VISCOELASTIC  DAMPING 

In  the  previous  section,  it  has  been  shown  that  the 
viscosity  of  the  vitreous  enamel  ranges  from  10®  to  10 7  poise  in 
the  damping  range.  The  viscosity  range  is  favorable  for  processes 
like  nucleation  and  crystallization.  It  has  also  been  observed 
that  when  a  vitreous  enamel  is  aged  in  the  damping  range,  generally 
there  is  a  reduction  in  the  loss  factor  (Q~*) .  The  structural 
mechanisms  leading  to  the  reduction  are  not  understood.  It  has 
been  hypothesized  that  the  reductions  is  related  to  the  devitri¬ 
fication,  but  no  experimental  data  exist  to  support  this  hypothesis. 
In  view  of  this  lack  of  understanding  of  the  effects  of  thermal 
aging  on  the  damping  properties,  this  work  was  undertaken. 

Figure  33  illustrates  a  typical  viscosity  versus  temperature 
relationship  for  silicate  glasses.  The  viscoelastice  damping 
range  is  indicated  by  a  shaded  area  in  the  figure.  Included 
schematically  in  the  figure  are  nucleation  and  growth  rate  curves 
for  silicate  glasses.  It  should  be  noted  that  the  damping  range 
approximately  coincides  with  the  crystal  growth  range.  A  glass 
coating  containing  nucleating  sites  would  be  expected  to 
crystallize  in  the  damping  range.  This  assumption  can  be  justified 
if  the  real  situation  is  examined.  These  vitreous  enamel  coatings 
are  generally  applied  on  superalloys  substrates.  Diffusion  of  the 
metallic  ions  into  the  coating  can  enhance  the  nucleation  and 
growth  processes.  Prolonged  exposure  of  the  coating  in  the 
damping  range  would  be  expected  to  transform  the  vitreous  enamel 
coating  into  a  crystalline  coating.  A  consequence  of  the  trans¬ 
formation  would  be  a  significant  change  in  the  damping  properties. 

In  view  of  the  background  provided  above,  two  glass  compo¬ 
sitions  were  thermally  aged  in  the  damping  temperature  range. 

Their  damping  properties  and  microstructural  development  were 
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characterized  as  a  function  of  heat  treatment  time.  Optical 
microscope,  scanning  electron  microscope  (SEM) ,  and  x-ray 
diffraction  were  the  primary  analytical  tools  for  microstructural 
characterization . 

Compositions  of  the  two  glasses  designated  as  A  and  B  with 
the  heat  treatment  conditions  are  shown  in  Table  20..  Composition 
A  is  A1203  free,  whereas  composition  B  contains  5.70  percent  A^O^. 
Heat  treatment  temperatures  approximately  correspond  to  the 
respective  peak  deunping  temperatures.  Heat  treatment  times  were 
arbitrarily  chosen. 


TABLE  20 

COMPOST IONS  IN  WEIGHT  PERCENT 


A 

Heat  Treatment 
Conditions 

B 

Heat  Treatment 
Conditions 

Si02 

74.65 

at  760°C 

70.40 

at  815°C 

Al2°3 

— 

I  no  heat  treatment 

5.70 

I  no  heat  treatment 

Na20 

12.78 

II  100  hours 

12.05 

II  112  hours 

CaO 

10.77 

III  314  hours 

10.15 

III  309  hours 

CoO 

1.80 

1.70 

The  loss  factor  of  these  glasses  as  a  function  of  temperature 
and  heat  treatment  are  shown  in  Figures  34  and  35.  The  loss  factor 
decreased  with  increasing  heat  treatment  time  near  the  peak  damping 
for  both  compositions.  Composition  B,  in  general,  has  a  lower  loss 
factor  them  composition  A.  This  can  be  explained  on  the  basis  of 
the  concentration  in  the  glass.  It  has  been  shown  that  the 

addition  of  AlgO^  decreases  the  loss  factor  (6)  significantly. 
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Figure  34.  Loss  Factor  as  a  Function  of  Temperature  and  Heat 
Treatment  Time  at  760°C  for  Composition  A. 
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at  815°C  for  Compo 


Figure  36  shows  the  optical  micrographs  of  the  ename 1-metal 
interface  of  "as-fired"  and  "heat  treated"  (112  hours  at  815°F 
or  435 °C)  specimens  obtained  from  composition  B.  Both  specimens 
exhibited  seeds  and  bubbles  at  the  interface.  No  crystalline  phase 
or  microstructure  was  present  in  the  as-fired  enamel  coating. 

However,  after  the  heat  treatment,  a  crystalline  phase  in  the 
vitreous  enamel  coating  appeared.  The  crystalline  phase  was 
noted  to  originate  from  the  seeds  and  bubbles  in  most  instances, 
and  appears  in  the  micrograph  as  elongated  needles.  There  was 
also  a  marked  variation  in  the  grain  sized  distribution  of  the 
metal  at  the  interface.  It  appears  that  the  metallic  grains  at 
the  interface  have  been  fragmented  into  smaller  sizes  due  to 
chemical  reaction  with  the  vitreous  enamel  coating.  The  fragmen¬ 
tation  of  the  metallic  grain  is  much  more  pronounced  after  heat 
treatment  (Figure  36b) . 

The  evidence  of  crystallization  from  the  optical  micro¬ 
scopy  and  possibility  of  glass-metal  interaction  at  the  interface 
promoted  further  microscopic  examination.  Several  specimens  were 
examined  under  SEM  and  the  observations  are  decribed  in  the 
following  paragraphs. 

Figures  37  shows  the  glass-metal  interface  for  composition  A 
after  various  heat  treatments.  All  these  micrographs  have  similar 
magnification.  It  should  be  noted  that  the  fragmentation  of  the 
metallic  grains  at  the  interface  increases  with  increasing  heat 
treatment  time.  Also  the  degree  of  crystallization  of  the  vitreous 
enamel  coating  increases  with  progressive  heat  treatment.  No 
change  in  the  size  and  distribution  of  the  pores  at  the  interface 
was  noted . 

Figure  38  shows  morphology  of  the  vitreous  enamel  coating  "A" 
at  varying  magnifications  after  a  heat  treatment  of  100  hours.  The 
appearance  of  crystals  of  hexagonal  habit  can  be  noted  in 
micrographs  38b  and  38c. 

Figure  39  demonstrates  the  microstructure  of  the  vitreous 
enamel  coating  "A"  at  varying  magnifications  after  314  hours  of 
heat  treatment.  As  expected,  the  degree  of  crystallinity  has 
increased  when  compared  to  the  100  hour  specimen  (Figure  38a,  38b,  38c) . 
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Figure  40  shows  the  metal-glass  interface  for  composition 
"B"  as  a  function  of  heat  treatment  time.  Fragmentation  of  the 
metallic  grains  at  the  interface  is  similar  to  the  one  observed  in 
Figure  37.  There  is  no  evidence  of  crystallinity  in  the  vitreous 
enamel  coating  in  the  as-fired  specimen  (Figure  40a) .  After  heat 
treatment  the  coating  crystallized  as  evidenced  by  micrographs 
40b  and  40c. 

Figure  41  shows  the  enamel  coating  for  the  composition  "B" 
at  various  magnifications  after  heat  treatment  for  112  hours. 

All  three  micrographs  show  the  existence  of  a  predominately  glassy 
phase.  After  heat  treatment  for  309  hours,  there  is  a  significant 
increase  in  the  degree  of  crystallinity,  as  shown  in  Figure  42. 
However,  in  this  case,  characteristics  of  the  crystals  appear  to 
be  different  from  those  of  the  composition  "A"  for  similar  heat 
treatment  (Figure  39) .  The  crystalline  phase  is  present  as 
elongated  needles  rather  than  in  a  hexagonal  habit. 

The  crystalline  phases  for  both  compositions  which  appeared 
after  heat  treatment  were  identified  by  x-ray  diffraction.  Table  21 
summarizes  the  x-ray  diffraction  results.  After  heat  treatment, 
composition  "A"  developed  a-quartz  and  devitrite  (Na20* 3CaO* 6Si02) 
crystals;  a-quartz  being  the  major  crystalline  phase.  The  hexa¬ 
gonal  crystals  shown  in  Figures  38  and  39  can  now  be  identified  as 
a-quartz.  After  heat  treatments  of  composition  "B",  a-cristobalite 
and  devitrite  (Na20* 3CaO* 6Si02)  appear  as  crystalline  phases; 
a-cristobalite  being  the  major  crystalline  phase.  The  elongated 
crystals  observed  in  Figure  42  are  therefore  a-cristobalite. 

Prolonged  heat  treatment  of  the  vitreous  enamel  coatings 
"A"  and  "B"  in  the  viscoelastic  range  progressively  reduced  the 
loss  factors  as  shown  in  Figures  2  and  3.  Microstructural  analysis 
by  optical  microscopy,  SEM,  and  x-ray  diffraction  revealed 
crystallization  of  the  coatings.  The  degree  of  crystallinity  for 
both  compositions  was  related  to  the  heat  treatment  time.  It  is 
suggested  that  the  crystallization  of  the  glass  coatings  is 
primarily  responsible  for  the  reduced  loss  factor.  This  suggestion 
can  further  be  justified  by  considering  the  fundamental  origin  of 


(a)  As  Fired 
(1000X) 


(continued) 


(c)  At  314  Hours 
(1000X) 


Glass-Metal  Interface  for  Composition  "A" 
After  Various  Heat  Treatments  (concluded)  . 


Figure  38.  Morphology  of  Vitreous  Enamel  Coating  "A" 

After  Heat  Treatment  of  100  Hours  (continued) . 
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1000X 


Figure  38.  Morphology  of  Vitreous  Enamel  Coating  "A" 

After  Heat  Treatment  of  100  Hours  (concluded) 


(a)  100X 


(b)  300X 


Microstructure  of  Vitreous  Enamel  "A  After 
314  Hours  of  Heat  Treatment  (continued) . 


1000X 


Figure  39.  Microstructure  of  Vitreous  Enamel  "A"  After 
314  Hours  of  Heat  Treatment  (concluded). 
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(a)  As  Fired 
(1000X) 


(b)  At  112  Hours 
(1000X) 


Figure  40.  Metal-Glass  Interface  for  Composition  "B" 

as  a  Function  of  Heat  Treatment  Time  (continued) 


Figure  40.  Metal-Glass  Interface  for  Composition  "B" 

as  a  Function  of  HEat  Treatment  Time  (concluded) . 


(a)  100X 


Cb)  300X 


Figure  42.  Enamel  Coating  "B"  at  Various  Magnification 

After  Heat  Treatment  for  309  Hours  (continued) 


Figure  42.  Enamel  Coating  "B"  at  Various  Magnifications 

After  Heat  Treatment  for  309  Hours  (concluded) 


TABLE  21 


CRYSTALLINE  PHASES  AFTER  VARIOUS  HEAT  TREATMENTS 


Compositions 

Heat  Treatment 

Crystalline  Phases 

A 

I  as  fired 

no  crystalline  phase 

II  heat  treated  at 
760 °C  for  100 
hours 

major.  -  a-quartz 
minor  -  devi trite 

III  heat  treated  at 
760°C  for  314 
hours 

major  -  a-quartz 
minor  -  devitrite 

B 

1  as  fired 

no  crystalline  phase 

II  heat  treated  at 
815°C  for  112 
hours 

major  -  a-cristobalite 
minor  -  possibly 
devitrite  and  mullite 

III  heat  treated  at 
8158C  for  309 
h^urs 

major  -  a-cristobalite 
minor  -  possibly 
devitrite 

a-quartz  -  hexagonal 


a-cristobalite  -  tetragonal 
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the  viscoelastic  damping.  The  viscoelastic  damping  originates 
from  the  vitreous  nature  of  a  material  in  the  proper  viscosity 
range.  Any  deviation  from  the  vitreous  nature  would  affect  the 
damping  properties.  Crystallization  of  the  coating  is  such  a 
deviation  where  the  amount  of  a  vitreous  material  is  progressively 
reduced.  Number  of  relaxation  units  and  sites  which  give  rise 
to  the  damping  are  directly  proportional  to  the  amount  of  vitreous 
material  in  the  coating.  Crystallization  reduces  the  number  of 
relaxation  units  and  sites  and  therefore  the  loss  factor. 

One  would  expect  a  shift  in  the  loss  factor  peak  temperatures 
of  Figures  34  and  35  with  progressive  crystallization.  With 
crystallization  the  viscosity  of  the  residual  glass  would  change 
and  therefore  shift  the  damping  peak.  No  shift  in  the  peak 
temperatures  would  indicate  that  the  viscosity  of  the  residual 
glass  was  similar  to  the  parent  glass.  Compositions  used  in  this 
investigation  provide  such  a  situation.  During  crystallization 
crystalline  Si02  (a-quartz  and  cristobalite  were  major  phases  for 
both  compositions)  precipitate  thereby  making  the  residual  glass 
richer  in  Na20  and  CaO.  Na20  would  make  the  glass  softer  whereas 
CaO  has  the  opposite  effect  and  the  overall  effect  being  neutral. 

No  shift  in  the  loss  factor  peak  temperatures  (Figures  33  and  34) 
suggest  a  neutral  effect  of  the  crystallization  on  the  viscosity. 

The  general  observation  on  the  microstructural  development 
suggests  that  increasing  heat  treatment  or  aging  time  leads  to  a 
progressive  increase  in  the  crystallinity  of  the  vitreous  enamel 
coating.  There  is  also  a  significant  microstructural  change  of 
the  metallic  substrate  microstructure.  These  two  processes 
independently  or  in  combination  alter  the  damping  properties. 
However,  it  is  well  known  that  metals  have  much  lower  damping  than 
the  vitreous  enamel  at  these  temperatures,  and  any  microstructural 
change  ’in  the  metallic  substrate  would  not  be  expected  to  influence 
the  damping  properties  significantly.  Therefore,  the  variations 
in  the  damping  data  (as  shown  in  Figures  34  and  35)  must  be  related 
to  the  microstructural  change  in  the  vitreous  enamel  coating.  This 
leads  to  the  conclusion  that  the  reduction  in  damping  capacity  of 
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the  enamel  coating  is  related  to  the  increasing  degree  of  crystal¬ 
linity.  This  does  not  mean  that  vitreous  enamel  coatings  cannot 
be  used  as  a  vibration  damping  material.  However,  care  must  be 
taken  when  developing  and  utilizing  enamel  compositions  in  view  of 
the  fact  that  the  conditions  during  the  viscoelastic  damping  are 
favorable  for  nucleation  and  growth  processes. 

3.4.  CONSTRAINED  LAYER  DAMPING  WITH  VITREOUS  ENAMEL 

For  many  years,  vitreous  enamels  have  been  known  to  exhibit 
high  loss  modulus  in  the  transition  range.  As  a  result,  many  of  the 
research  and  application  efforts  to  date  that  have  utilized  vitreous 
enamels  as  vibration  damping  materials  have  been  directed  toward 
free  layer  damping  designs.  In  previous  publications  (6,  11,  and  12), 
the  viscosity  temperature  relationship  of  a  vitreous  enamel  in  the 
damping  range  and  its  influence  on  the  damping  properties  had  been 
discussed.  Areas  of  concern  have  developed  after  consideration  of 
viscosity  within  the  damping  range  and  practical  application.  Some 
areas  of  condern  are;  flow  under  gravity  and  centrifugal  force, 
weathering  and  reaction  with  atmospheric  gases,  and  volatilization 
of  components  from  the  vitreous  enamel.  All  of  these  potential 
problems  can  be  controlled  by  applying  a  protective  layer  over  the 
damping  material.  A  protective  layer  over  an  enamel  damping  layer 
has  been  used  successfully  in  several  applications  (2,  3,  and  13). 

In  cases  where  a  protective  layer  was  needed,  an  interesting  phenomenon 
was  recorded.  Enamel  damping  materials  in  a  constrained  layer  damping 
design  exhibited  an  increased  temperature  range  of  effective  system 
damping  in  contrast  to  a  free  layer  damping  system.  In  addition  to 
this  gain,  the  handling  of  vitreous  enamel  constraining  layer  damping 
designs  would  be  less  cumbersome  as  the  enamel  could  be  coated  onto 
a  constraining  layer  of  desired  size  and  shape.  The  enamel  could 
then  be  soldered  or  spot  welded  into  place.  Several  constrained 
layer  vitreous  enamel  treatments  were  evaluated  both  to  better  view 
their  advantages  and  to  determine  the  mechanism  involved.  This  section 
discusses  the  results  and  mechanisms  involved  in  the  vitreous  enamel 
constrained  layer  damping  treatment. 
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The  damping  material  used  in  this  experiment  was  Corning 
composition  1990*.  The  1990  was  applied  to:  1)  test  beams  in 
partial  and  full  coverage  (see  Figure  43);  and  2)  iron  and  stainless 
steel  foils.  All  foil  applications  were  done  using  the  plasma 
spray  technique.  The  coated  constraining  layers  were  welded  onto 
cantilever  beams.  A  photograph  of  the  coated  iron  foil  and  the 
composite  beam  is  shown  in  Figure  44.  The  damping  of  the  four 
composite  beams  was  determined  using  the  standard  resonant  beam 
technique  described  in  Reference  .  The  experimental  results  are 
presented  in  Table  22.  Modal  loss  factors  were  determined  by  the 
half  power  bandwidth  method.  Verification  test  measurements  were 
carried  out  on  the  free  layer  and  iron  constrained  specimens. 
Reproducibility  was  excellent  at  lower  temperatures.  At  high  temp¬ 
eratures  (above  700#C) ,  there  were  minor  discrepancies  which  are 
believed  to  be  related  to  the  devitrification  of  the  vitreous  enamel. 
Oxidation  of  the  iron  foil  was  noted  during  the  damping  tests  at 
elevated  temperature.  The  stainless  steel  foil  exhibited  little  or 
no  oxidation  under  similar  conditions. 

The  modal  loss  factor  versus  temperature  plots  for  a  free 
layer  damping  treatment,  a  constrained  layer  damping  treatment,  and 
the  bare  beam  itself,  are  shown  in  Figure  45.  The  free  layer 
treatment  shows  a  loss  factor  of  .018  at  480°C,  whereas  the 
constrained  layer  treatment  exhibits  a  loss  factor  of  .0318  at  710°C. 
The  temperature  range  where  the  modal  loss  factor  (ng)  is  above  .01 
for  the  free  layer  treatment  is  440°C  to  525®C.  The  constrained  layer 
treatment  has  n  of  .01  from  475°C  to  850°C  where  the  experiment  was 
terminated.  The  temperature  range  of  effective  damping  for  the 
constrained  layer  treatment  is  of  significant  interest.  Although  a 
broadening  of  the  modal  damping  peak  with  the  constrained  layer 
polymer  materials  is  anticipated,  a  peak  broadening  which  extends 
several  hundred  degrees  centigrade  is  unusual.  Analysis  of  the 
origin  of  broadness  will  be  discussed  in  detail  in  the  following 
paragraphs . 

Like  the  polymeric  materials,  vitreous  enamels  span  three 
distinct  modulus  regions  with  increasing  temperature.  However, 
unlike  the  polymeric  materials  which  have  a  rubbery  region  above 

*Si02-41,  Li20-2,  Na20-5,  K20-12,  PbO-40 
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TABLE  22 

EXPERIMENTAL  TEST  MATRIX 


3a am  Configuration 

Damping 

Material 

Thickness 

Fraa  layar  beam 
full  coatad 

.031  cm 

Fraa  layar  b aam 
partially  coatad 

.031  cm 

Iron  constrained 
layar  baam 

.023  cm 

Stainless  steal 
constrainad 
layar  baam 

.028  cm 

System  |Range  Whare 


025  427,-538*C 


,019  432*-524*C 


.013  cm  .032  480*->840*C 


.013  cm  .055  470*->850*C 
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Tg,  the  vitreous  enamel  becomes  a  liquid  when  heated  above  Tq.  a 
typical  modulus  and  loss  factor  versus  temperature  plot  for  a 
viscoelastic  material  is  illustrated  in  Figure  46.  Region  I  is 
the  design  range  for  a  free  layer  damping  treatment.  Region  II  is 
the  design  range  for  a  constrained  layer  damping  treatment.  The 
mechanisms  of  deunping  for  these  two  regions  are  well  understood. 

In  polymeric  materials.  Region  III  is  the  rubbery  region  and  is  the 
design  region  for  tuned  viscoelastic  dampers.  A  proposed  mechanism 
in  enamels  above  Tg  follows. 

The  broad  deunping  peak  of  the  constrained  layer  system  shown 
in  Figure  45  covers  all  three  regions.  The  addition  of  a  constraining 
layer  to  a  free  layer  damping  material  should  result  in  a  decreased 
effectiveness  of  the  damping  system  in  the  temperature  region  of 
Figure  46  as  a  result  of  the  reduction  in  extensional  deformation 
in  the  deunping  material.  This  is  demonstrated  in  the  test  results 
in  Figure  45.  The  free  layer  effectivenees  is  reduced,  but  the 
materila  loss  modulus  is  sufficiently  high  to  contribute  significant 
damping  at  approximately  4756C.  As  the  temperature  continues  to 
increase,  the  material  loss  factor  and  modulus  begin  to  decrease. 
Ordinarily,  this  would  result  in  decreased  system  damping  as  shown 
in  the  free  layer  curve  in  Figure  45;  however,  a  new  phenomenon  now 
takes  control  of  the  damping.  As  the  modulus  begins  to  drop,  signif¬ 
icant  shear  caused  by  the  constraining  layer  begins  to  be  established 
in  the  damping  layer.  As  a  result,  the  system  damping  continues  to 
increase  with  temperature  to  a  peak  value.  This  damping  trend 
continues  throughout  the  temperature  range  of  the  experiment.  A 
review  of  the  characteristics  of  vitreous  enamels  above  Tg  sheds 
light  on  this  phenomenon. 

Most  of  the  vitreous  enamels  behave  like  Newtonian  liquid 
at  temperature  beyond  the  glass  transition  range.  The  static 
viscosity  of  the  enamel  decreases  continuously  as  the  temperature 
is  increased.  The  static  viscosity  for  the  Corning  1990  glass  in 
the  temperature  range  of  interest  exhibits  typical  behavior  and  is 
shown  in  Figure  47.  The  rate  of  decrease  is  higher  at  lower  temper¬ 
atures  than  those  at  the  high  temperatures. 
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TEMPERATURE 


Figure  46.  Typical  Temperature  Dependence  of  Polymer 
Viscoelasticity. 
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Plots  of  log  x  and  experimentally  determined  log  n  are 

7  S 

shown  in  Figure  48.  There  is  a  good  correlation  between  the 
measured  ng  and  the  calculated  ^  for  the  constrained  system  at 
lower  temperatures  (up  to  700 0 C) .  Table  23  gives  values  of  I  at 
various  temperatures. 

A  minimum  for  the  modal  loss  factor  of  the  constrained 
layer  system  that  is  centered  around  790®C  can  be  seen  in  Figure  45. 
The  second  measurement  of  a  similar  constrained  layer  specimen  did 
not  reproduce  the  minimum.  Only  speculative  explanation  can  be 
provided  for  this  behavior  as  further  characterization  continues. 

Two  possible  explanations  for  the  behavior  are  possible.  Any 
defect  arising  from  the  spot  welding  of  the  enamel  coated  iron 
foil  could  contribute  to  the  unexpected  damping  behavior.  Also, 
it  is  known  that  the  crystallization  of  the  vitreous  enamel  coating 
decreases  the  loss  factor  (3).  The  temperature  at  which  the 
minimum  occurs  might  correspond  to  the  liquidus  temperature  of  the 
enamel.  The  rate  and  degree  of  crystallization  of  a  vitreous 
material  increase  as  the  liquidus  temperature  is  reached  and  the 
increased  crystallization  rate  would  adversely  affect  the  loss 
factor.  Beyond  the  liquidus  temperature,  the  crystallites 
redissolve  and  the  enamel  becomes  again  a  homogeneous  liquid  giving 
rise  to  an  increased  damping.  It  is  hoped  that  further  studies 
would  clarify  this  high  temperature  behavior  of  the  vitreous  enamel. 

The  damping  effectiveness  and  the  temperature  profile  of 
a  constrained  layer  damping  system  are  dependent  on  the  damping 
material  thickness  and  the  constraining  layer  stiffness.  These 
typical  effects  are  shown  for  enamel  constrained  layer  systems 
in  Figure  49  for  the  iron-constrained  and  steel-constrained  layer 
damping  treatments.  At  lower  temperatures  (400-700°C) ,  both  the 
iron-  and  steel-constrained  specimens  exhibit  similar  damping 
trends  which  agree  with  the  proposed  theory.  Nonetheless,  at 
temperatures  beyond  700°C,  a  difference  in  the  damping  behavior  is 
noted.  Whether  to  attribute  this  behavior  to  the  differences  in 
the  elastic  properties  of  the  two  constraining  layers  or  to  other 
conditions  including  crystallization  of  the  vitreous  enamel 
discussed  earlier  remains  a  matter  for  further  investigation. 
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TABLE  23 


|>  AT  VARIOUS  TEMPERATURES 


Twnp«ratur«  *C 


•  i 

? 


(Poia#*1) 


io<?  5* 


400 

4.61 

X 

10 -14 

-13.34 

450 

3.83 

X 

10"12 

-11.05 

500 

3.19 

X 

10  “L0 

-9.50 

550 

13.06 

X 

io-10 

-8.88 

600 

3.33 

X 

10~9 

-8.48 

650 

11.91 

X 

10~9 

-7.92 

700 

4.12 

X 

10~8 

-7.39 

750 

10.69 

X 

10-8 

-6.97 

800 

18.23 

X 

10"8 

-6.74 

Figure  48.  Shape  of  the  Function  Log  4  Versus 


CONCLUSIONS 


From  the  results  presented  in  the  previous  section,  the 
following  conclusions  can  be  drawn. 

Cl)  New  compositions  such  as  mixed  alkali,  lead  silicate  and 
low  temperature  glasses  exhibited  the  characteristic  damping 
properties  in  the  viscoelastic  range.  The  deunping  temperatures 
and  the  peak  intensities  were  composition  dependent.  The  fluoride 
composition  initially  showed  a  typical  vitreous  enamel  deunping 
peak;  however,  after  a  heat  treatment  significant  broadening  of 
the  damping  was  noted.  It  was  suggested  that  the  broadening  of 
the  deunping  peak  appears  to  be  related  to  a  precipitation  phenomenon 
of  a  second  phase  during  the  heat  treatment. 

(2)  It  has  been  shown  that  there  is  a  linear  relationship 
between  the  glass  transition  temperature  and  the  damping  temperature. 
This  suggests  that  the  damping  temperature  is  directly  related  to 
the  viscosity.  The  viscoelastic  damping  occurs  at  a  temperature 
near  the  softening  point  and  corresponds  to  a  viscosity  range  of 

10**  -  10  7  poise. 

6  7 

(3)  The  viscosity  range  10  -  10  was  found  to  be  favorable 

for  processes  like  nucleation  and  crystallization.  Effects  of 
nucleation  and  crystallization  on  the  damping  properties  were 
studied  for  two  soda-lime-silica  type  of  composition.  Progressive 
increase  in  the  crystallinity  decreased  the  loss  factor  of  the 
two  compositions  and  it  was  determined  that  the  nucleation  and 
crystallization  have  an  adverse  effect  on  the  loss  factor. 

(4)  It  has  been  demonstrated  that  the  concept  of  constrained 
layer  damping  is  feasible  and  promising.  The  constraining  layer 
smeared  the  free  layer  damping  peak  in  such  a  fashion  that  the 
structural  damping  increased  from  a  low  value  to  a  peak  with 
increasing  temperature  and  remained  at  the  peak  value  even  at 
temperatures  over  800 #C. 
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